The initial events of angiogenesis comprise endothelial cell activation, migration, and proliferation. The characteristics of retinal endothelial cells and capillaries are significantly altered in a number of diseases including cancer. Since radiation has been shown as a useful tool in radiotherapy by altering the proliferative changes, it is important to evaluate the responses of the endothelial cells and the capillary network to radiation. We quantified functional and kinetic responses of endothelial cells and capillaries to radiation in an in vitro model. An in vitro angiogenesis model was introduced in our study with endothelial cells cultured on an extracellular matrix gel in which hollow tube-like structures could be rapidly formed. Vessel formation was quantified using stereological techniques. The cell cycle kinetics of endothelial cells and accumulation of DNA damage after radiation were measured using laser scanning cytometry. To study the response of proliferative capillary-like structures to radiation, the vessel network was irradiated with 2 gray (Gy). To evaluate functional and kinetic responses and differentiation of endothelial cells to radiation, cells were irradiated with 2 and 6 Gy.
Introduction
Angiogenesis, the growth and proliferation of new capillaries from existing blood vessels, is pathologically involved in ocular neovascularization that is seen commonly in diabetic retinopathy and solid tumors. In the eye, vascular endothelial growth factor (VEGF) was identified as an ocular angiogenic factor that is mitogenic specifically for endothelial cells, and that is up-regulated by hypoxia (1, 2) . The growth factor is associated with retinal tissue reactions in a paracrine manner, inducing endothelial cell proliferation in venous endothelium. Vessel formation is a multi-step process involving cell adhesion, elongation, migration, differentiation, capillary lumen formation, reconstruction of the basement membrane formation of junctional complexes , and finally growth (3, 4) . Endothelial cells play a central role in the process of tumor angiogenesis. Normal endothelial Mao Technology in Cancer Research & Treatment, Volume 5, Number 2, April 2006 cells are quiescent; however, under the influence of a tumor, some endothelial cells are activated and capable of proliferation and migration (5) . Evidence provides support for the hypothesis that tumor establishment, growth and metastasis are angiogenesis dependent (6, 7) . Tumor growth on the chick chorioallantoic membrane (CAM) at different times have results of growth rates directly proportional to the 3 H -thymidine ( 3 H-TdR) labeling index of vascular endothelial cells, suggesting that the tumor growth rate may be related to the intensity of the host's neovascular response (8) .
Retinal capillaries and their associated basement membranes are significantly altered in a number of diseases, most notably diabetic retinopathy, age-related macular degeneration, and solid tumor. Therapy is difficult since the progressive deterioration resulting from microvessel and endothelial cell proliferation is not well controlled. As long as angiogenesis occurs, retinal neovascularization continues (9). The presence of morphologically and functionally abnormal blood vessels makes vascular targeting an attractive approach to control neovascularization (10). Radiation has been shown as a useful tool in managing the condition by preventing the evolution of the proliferative changes. However, the effects of radiation on proliferative endothelial cell functions have not been fully elucidated. The general response of retinal microvessels has been reviewed by Gordon (11) and by others in different tissues (12) (13) (14) (15) . The response of the retinal microvessels was described by Archer (16) , but the dose response of angiogenic microvessel endothelial cells and vessel parameter, especially in tumor vasculature have not been well quantified because of the lack of a suitable model and the absence of necessary techniques. Thus, in our present study, the radiation response of vessel formation and growth was investigated and quantified via an in vitro model. An in vitro proliferative microvessel model is appropriate because vessel formation and growth can be easily monitored and quantified.
The in vitro angiogenesis model (17) Non-irradiated or irradiated endothelial cells were seeded on ECMatrix. Radiation dose-dependent disruption in cell integrity is evident. A, control; B, 2Gy; C, 6Gy.
of basement proteins prepared from the Engelbreth Holm-Swarm (EHS) mouse tumor, so that hollow tube-like structures can be rapidly formed. Such extracellular matrix (EC-Matrix)-coated dishes were found to support endothelial cell proliferation, differentiation, and a variety of other cellular functions (18). Quantification of endothelial cell and vessel growth after radiation was done by stereological techniques. Stereology is a statistical random sampling process that measures features in two dimensional planes to quantify these parameters three dimensionally (19-23). Our study introduces into radiation biology an elegant stereological model system, which offers the investigator the advantage of unbiased measurement and permits quantification of the response of endothelial cell and microvessels to irradiation. The aim of this study was first to evaluate how endothelial cells develop into microvessels after irradiation as well as their functional and kinetic responses to exposure. Secondly, proliferative capillary-like structural changes in response to irradiation were quantified. Elucidating the effect of radiation on these cells is essential for improved understanding of endothelial cell and microvessel function in vascular radiotherapy. The results of the present investigation will lead to more rational design of future animal studies that should be beneficial to radiotherapy of neovascularization. The data may also increase understanding of tumor vasculature response to radiation.
Material and Methods

Cell Line
Monkey choroid-retina endothelial cells were obtained from ATCC (Manassas,VA). The cells were cultured in minimum essential medium (Eagle's MEM) with 0.1 nM non-essential amino acids, 1.0 mM sodium pyruvate, and Earle's balanced salt solution (BSS), 10% fetal bovine serum, and antibiotics. The cells were incubated at 37 ºC in 5% CO 2 until confluent, then harvested with 0.25% trypsin solution, washed, counted using the trypan blue exclusion method, and adjusted to the appropriate concentration for plating at 2×10 5 cells/ml.
Radiation
Irradiation was performed using a Cobalt-60 ( 60 Co) source and an El Dorado Model 'G' gamma irradiator (Atomic Energy of Canada, Ltd., Commerical Products Division, Ottawa, Canada). The vertical beam was projected to a 15×15 cm field size. Endothelial cell cultures received a one-time dose of either 2 or 6 Gy. These doses were chosen because they are commonly used for clinical treatment of cancer.
In Vitro Endothelial Cell Differentiation: Tube-like Structure Formation on ECMatrix
ECMatrix (Chemicon, Temacula, CA) serves as an in vitro attachment matrix which promotes rapid cell aligning and formation of hollow tube that resemble vessel-like structures. These characteristics constitute evidence that endothelial cells (EC) in vitro retain several traits of their in vivo counterparts. ECMatrix solution and diluents were thawed on ice before adding 90 μl of ECMatrix solution to 100 ml 10X diluents and mixing well on ice. The cover slips were coated with ECmatrix solution and incubated at 37 ºC for six hours for solidification. Single fraction of 2 and 6 Gy were delivered to confluent T-25 flasks (three flasks for each dose). Cells were harvested immediately after irradiation, and suspended in complete medium. Aliquots (100 μl) of irradiated cell suspensions (2×10 4 ) were dispensed on coverslips which fitted into 12-well flat-bottom microtiter plates. After 6-168 hours (seven days) post irradiation, cells were examined to quantify the formation of a capillary-like network using stereology techniques.
Determination of Proliferative Vessel Response Following Radiation
Endothelial cells at 2×10 4 were plated onto coverslips coated with ECMatrix. Cells were incubated for 24 hours at 37 ºC to allow capillary-like networks formation, and then radiation was delivered at 2 Gy. Vessel growth and endothelial cell DNA damage were evaluated at 24, 48, and 72 hours post-exposure.
DNA Damage Assay
Breaks in DNA were measured using terminal deoxynucleotidyl-transferase (TdT) mediated fluorescein (FITC) conjugated BrdU incorporation into free 3ʹ ends of nucleic acids. This methodology does not distinguish single from double strand breaks in the DNA. This is a commercially available kit (PharMingen, San Diego, CA). Cells were fixed at appropriate times post-irradiation. Plates were washed with phosphate buffered saline (PBS, PH= 7.4), placed in cold ethanol for 15 minutes, and fixed in 70% ethanol at -20 ºC for storage. The slides were then re-hydrated in PBS for five minutes and incubated with a mixture of TdT, reaction buffer and FITC-BrdU (provided with the kit) for 45-60 minutes at room temperature (22-24 ºC), washed and counter-stained for 10 minutes with propidium iodide (PI) mixed with RNAse (provided with the kit). The slide was covered and protected with gelmount (Biomedia, Foster City, CA) and sealed. FITC-BrdU incorporated into DNA strand breaks was quantified using a laser scanning cytometer (LSC) (CompuCyte, Cambridge, MA). To measure DNA damage, scanning parameters were adjusted by signal intensity to create a contour on red (PI) nuclear label. Green fluorescence intensity reflected a quantitative measure of DNA damage as exposed 3ʹ ends in irradiated and control cells.
Positive cells were quantified with both red and green. 
Mao
Cell Cycle Analysis
Endothelial cell nuclei were stained with PI/RNAse as part of the procedure in the DNA damage assay, and the same slides were used for cell cycle phase distribution analysis. Cell cycle information was obtained using a laser scanning cytometer that scanned the cells for red fluorescence from PI as the contouring parameter gated against signal intensity (red integral). A more detailed method is described elsewhere (24). Cellular events were set for mammalian DNA indices and normalized so that G1, S, and G2 phases in proportional gates were fitted to the selected population of the cells scanned. Approximately 2,000 cells were counted per slide.
Stereology
The dose response of microvasculature was determined using stereologic analysis on an Olympus Computer Assisted Stereological Toolbox system (C.A.S.T., Olympus, Denmark) that quantified capillary length and endothelial cell density.
After fixation and staining with hematoxylin and eosin (H & E), the perimeter was drawn. Then, using the stereological software grid system stepping function, the surface area was divided into a designated number of equal area "pixels" or steps. The number was designated by determining the number of steps required to permit a fixed number of counts or intersections to be made. An isotropic uniform random (IUR) line grid in a plane was used to estimate the length of vessels formed on the collagen gel. The line grid of spacing T units was placed with isotropic direction and uniform random position over the object, and the number of intersections between the line grid and boundary was counted (I). The total vessel length in the inclusion area is ΣL = π/4·ΣI·T, and length density L A (length per area) is ΣL/(A/f·p), where A/f is the area of the counting frame and p is the number of frame steps used to sample the objects. The number of endothelial cells was counted with the same unbiased counting frames.
Statistical Analysis
Results were subjected to statistical analyses including oneway analysis of variance (ANOVA) and Tukey's HSD (honestly significant difference) test using SigmaStat™ version 2.03 software (SPSS Inc., Chicago, IL). A p value of < 0.05 was selected to indicate significant differences among groups.
Results
Measurement of Endothelial Cell Response Following Irradiation
Confluent cells were irradiated , then plated in the ECmatrix coated slides, and cultured for 6, 24, 48, 72, and 168 hours for evaluation. A significant growth and migration of non-irradiated cells was observed six hours after plating. Less vessel sprouting was seen for 6 Gy. At 24 hours post seeding, control cells formed capillary-like structures. A large amount of endothelial cells were retracted, and nuclei were elongated in the radiated cells which indicated that the endothelial cells motility and proliferation were inhibited by radiation. By 72 hours, capillary-like networks were well formed by the control cells ( Figure 1A) . Few capillary-like structures formed from irradiated cells ( Figure 1B,1C) .
Endothelial cell density, vessel length density, DNA damage, 3 H-TdR uptake following different doses of irradiation were quantified to determine radiation response of retinal endothelial cells to form capillary-like structures. Starting from 24 hours following irradiation, the time and dose dependent progressive loss of endothelial cells was seen. Cell counts as determined by stereology were significantly lower when 6 Gy of irradiation was delivered (p<0.05) compared to non-irradiated control and 2 Gy groups at each time point ( Figure  2) . After 168 hours, up to 89% of endothelial cells receiving 6 Gy were lost compared to non-irradiated control cells. Vessel length density reflected the changes observed in the cell counts. Significant differences (p< 0.05) were found between control and irradiated groups (Figure 3) . A significant amount of DNA damage (p<0.05) was detected in irradiated cells by the method of DNA strand break labeling (Figure 4) . By 72 hours, the percentage of irradiated cells with damage was significantly lower (p<0.05) than at the 6, 24, and 48 hour time points. The likely explanation is that most of the irradiated cells died by 72 hours after exposure. A significant decrease in 3 H-TdR uptake was noted within 24 hours after 6 Gy of irradiation and a dose response was evident by 48 hours ( Figure  5 ). The results of these experiments indicate that endothelial cell viability, proliferation, and capillary-like structure formation were greatly reduced by radiation with dose dependence.
Measurement of Proliferative Capillary Response Following Radiation
Endothelial cells were plated in the ECMatrix coated slides, capillary-like formation was established 24 hours later. Ra- diation was delivered to capillary-like structures for this experiment compared to the first study in which endothelial cells were irradiated, then plated on the slides. The number of endothelial cells and lengths of tube-like structures were measured at 24, 48, and 72 hours following irradiation using stereological techniques. The counts for endothelial cells and vessel length density of irradiated capillary-like network were significantly lower than that of controls (p<0.05) at 48 and 72 hour time points ( Figure 6 ). This reduction ranged from 58 to 85%. DNA damage was significantly higher (p<0.05) for irradiated cells compared to controls from 24 to 48 hours, but not at 72 hours (Figure 7) . The cell cycle study by laser scanning cytometry showed that cells started to accumulate in G1 phase 24 hours after radiation. At 72 hours, 69 to 73.3% of the cells were blocked at G1 phase compared to controls that had approximately 49% of cells in the G1 phase (Figure 8) . The results of these experiments indicated that radiation had inhibitory effects on the proliferation of the capillary-like structure.
Endothelial cell density
Discussion
Radiation therapy has great application in treating a variety of disorders including cancer, benign tumors, and vascular malformations. Better understanding of radiation-induced functional changes in the endothelium can optimize radiotherapy and minimize the side effects caused by radiation damage to the surrounding normal tissue.
A quantitative analysis in radiation biology requires a higher level of objectivity and rigour in methodology than a comparable qualitative assessment. Stereological methods are precise tools of statistical geometry used for the quantitative evaluation of objects (31). Stereology has not been widely used as a tool for radiobiology research. Comparison of stereology and image analysis indicate the former is more useful and flexible than the latter (12). One of the most valuable features of the methods described in this study is that the precision of measurement is based on an unbiased sampling scheme. The present study illustrates the application of stereology to quantify radiation-induced changes of endothelial cell and capillary-like structure formation. The percentage of vessel length loss following irradiation is reflected by the percentage of endothelial cell loss in this study. Data from this study document that at 2 and 6 Gy endothelial cell growth is significantly inhibited, and DNA damage was shown as early as six hours after irradiation at both doses. Studies have shown that irradiation inhibits endothelial cell thymidine uptake in a dose-dependent manner (0.4 to 10 Gy), and that VEGF counteracts radiation-induced endothelial cell growth arrest (32). Our thymidine uptake assay for DNA synthesis in retinal cells confirmed the inhibitory effect of radiation ( Figure 5 ).
The capillary endothelium is considered to be in the quiescent or G 0 phase of the mitotic cycle. It has been estimated that turnover rate of a single EC in the retina is only once every three years (25) . Kinetic studies in the rat retina indicate that approximately one endothelial cell in 10,000 is in DNA synthesis (26-28). For the process of angiogenesis to begin, endothelial cells are no longer controlled by the normal growth mechanisms. The majority of angiogenic factors operate by causing either endothelial cell proliferation or migration through the surrounding extracellular matrix (29). In mice with tumors that receive anti-angiogenic therapy targeting proliferating endothelial cells in newly formed vessels, endothelial cell apoptosis precedes tumor cell apoptosis by three to five days, suggesting that tumor cells are dependent on endothelial cells for survival (30).
Currently, the microvasculature is accepted as the critical dose limiting tissue. This is based on Hopewell and van der Kogel's interpretation of the descriptive data observed following boron neutron capture therapy (33, 34) . Animal studies using large single doses up to 60 Gy of radiation have shown both acute and late changes in the vasculature.
A decrease in endothelial cell number that occurred within 24 hours of irradiating the rat brain was first noted by Ljubimova et al. (35) . The radiation-induced endothelial cell and vascular damage found in our current study is consistent with other reports of decreased vascular density, length, or volume in the irradiated brain (36-38), and with our previous rat retina study (39) .
Apoptosis has been recognized as a major mode of action of chemotherapy and radiotherapy (40). Endothelial apoptosis is a homeostatic factor regulating angiogenesis-dependent tumor growth (41). Recent studies have shown that microvascular endothelial apoptosis played a critical role in radiation-induced damage and death (42). Endothelial apoptosis has been observed within 24 h after radiation in the central nervous system (CNS) (43). Apoptosis of endothelial cells initiates acute blood-brain barrier (BBB) disruption in the CNS after irradiation (44).
Collectively, our data demonstrate an association of a dosedependent reduction in endothelial cell density and vessel density. These results warrant further investigation to determine the mechanisms responsible for radiation-induced endothelial cell and capillary damage.
